Williams-Beuren syndrome (WBS) is caused by a $1.5 million base pair deletion at 7q11.23. A common inversion of the region, WBSinv-1, exists as a polymorphism but was also found in individuals with WBS-like features but no deletion, suggesting it could cause clinical symptoms. We performed a full clinical, developmental and genetic assessment of two previously reported individuals with clinical symptoms and WBSinv-1 but no 7q11.23 deletion. We also examined expression of genes at 7q11.23 in individuals in the general population who have WBSinv-1. We show that individuals with clinical symptoms and WBSinv-1 do not show significant clinical or psychological overlap with individuals with WBS. In addition, a 1.3 Mb duplication of part of the velocardiofacial syndrome region on chromosome 22q11.2 was found in one participant with WBSinv-1 and clinical symptoms. We also demonstrate that individuals with WBSinv-1 show normal expression of genes from the WBS region. These results suggest that WBSinv-1 does not cause clinical symptoms and we advise caution when diagnosing individuals with atypical presentation of rare syndromes. Whole genome analysis may reveal previously unidentified copy number variants that could contribute to syndromic features. ß
INTRODUCTION
Williams-Beuren syndrome (WBS; OMIM #194050) is a multisystem developmental disorder caused by the hemizygous deletion of $26 genes on chromosome 7q11.23 . This region of chromosome 7 frequently undergoes genomic rearrangement due to the presence of low copy repeats (LCRs) that promote non-allelic homologous recombination during meiosis [Bayés et al., 2003] . Along with the 1.55 Mb deletion of 7q11.23 that results in WBS, duplication Osborne and Mervis, 2007] and inversion [Osborne et al., 2001; Bayés et al., 2003; Scherer et al., 2003 ] of the region have also been observed.
The classic clinical features of WBS are varied [Morris et al., 1988; Pober and Dykens, 1996; Morris, 2006a ] (see Table I ) but perhaps the most intriguing aspect of WBS is the unique cognitive and behavioral profile. Individuals with WBS usually have mild to moderate intellectual disability or learning disabilities with a mean composite IQ on the Kaufman Brief Intelligence Test of 69.32 and a standard deviation of 15.36 [Mervis and Becerra, 2006] . The WBS profile is characterized by relative strengths in verbal short term memory and language, alongside severe weakness in visuospatial construction . Approximately 65% of individuals with WBS have Attention Deficit-Hyperactivity Disorder (ADHD) and there is a high incidence of anxiety, especially specific phobia, combined with overfriendliness [Bellugi et al., 1990; Klein-Tasman and Mervis, 2003; Leyfer et al., 2006] .
Due to the mechanism of unequal meiotic recombination, the vast majority of deletions of 7q11.23 span the same interval [Bayés et al., 2003 ]. There are, however, a few individuals with smaller deletions of the region, whose phenotypic features vary from isolated SVAS to classic WBS. The careful molecular and clinical examination of these individuals can help to correlate genotype and phenotype, with the aim of linking specific genes to clinical or cognitive/ behavioral features of WBS [Morris, 2006b] . Other genomic rearrangements of the region may also aid in the identification of causative genes for WBS, particularly inversions since they could directly disrupt genes at the breakpoints. One such inversion, WBSinv-1, was initially identified in the parents of individuals with WBS [Osborne et al., 2001; Bayés et al., 2003; Hobart et al., 2004] , and also in several individuals with WBS-like features but no deletion of 7q11.23 [Osborne et al., 2001] . WBSinv-1 has been shown to be present in between 25% and 33% of transmitting parents in WBS families, and in $5% of the general population [Osborne et al., 2001; Bayés et al., 2003; Hobart et al., 2004; Scherer et al., 2005] . This suggests that WBSinv-1 is a predisposing chromosome rearrangement, increasing the chance of further unequal meiotic recombination in the germ cells of individuals in the general population who have this inversion [Hobart et al., 2004; Scherer et al., 2005] .
The identification of WBSinv-1 in three individuals with WBS-like symptoms provided a means by which genes within the WBS interval could be disrupted without actually being deleted, either by direct interruption by the inversion breakpoints, or by alteration of gene expression due to re-location of regulatory elements such as enhancers or repressors. Indeed, one individual (Participant 1 in the current study) exhibits ectrodactyly due the presence of a 24 Mb inversion that disrupts the 7q21.3 region previously associated with split hand/foot malformation (SHFM) [Scherer et al., 1994] . However, the Osborne et al. [2001] and examined the expression of genes from the common WBS deletion region in individuals carrying the WBSinv-1 chromosome.
MATERIALS AND METHODS

Participants
Participants 1 and 2 were described previously as showing some features of WBS [Osborne et al., 2001] . The third individual originally reported was deceased. In the current study, a detailed clinical and developmental examination of each individual was performed by an experienced dysmorphologist (CAM) and developmental psychologist (CBM) who have extensive experience with WBS, and a detailed family and medical history was taken. Immediate family members were also examined for features of WBS.
The following developmental assessments were carried out: Wechsler Abbreviated Scale of Intelligence (WASI) [Wechsler, 1999] , Differential Ability Scales (DAS) [Elliott, 1990] , and Scales of Independent Behavior-Revised (SIB-R) [Bruininks et al., 1996] . The WASI is a standardized measure of intelligence that includes four subtests (verbal: vocabulary, similarities; performance: block design, matrices) and yields a verbal IQ, performance IQ, and full-scale IQ. This measure was used because it was appropriate for the full age range of individuals in the participants' families (6-60 years). The Williams Syndrome Cognitive Profile (WSCP) ] that CBM developed and tested is based on an individual's performance on the DAS, which measures intellectual ability. The DAS also includes screening tests for academic achievement. The SIB-R is a standardized measure of adaptive and maladaptive behavior. Four subscales of adaptive behavior (motor skills, social interaction and communication skills, personal living skills, community living skills) and three subscales of maladaptive behavior (internalized, asocial, externalized) are included.
All other study participants were from families that included a child with WBS. All participants were enrolled in studies approved by the Research Ethics Boards of the University of Toronto, the University of Louisville and the University of Nevada. Informed consent was obtained before any clinical, psychological or genetic studies were performed.
Inversion Testing
Three-color interphase fluorescence in situ hybridization (FISH) analysis was performed on both blood and transformed lymphoblastoid cell lines from each participant, according to previously described protocols using two probes located within the commonly deleted region, (RP5-1186P10 at the GTF2IRD1 locus and CTA-208H19 at the FZD9 locus) and one probe located telomeric to the WBS deleted region (CTB-139P11 at the HIP1 locus).
Expression Analysis
Expression analysis of genes from 7q11.23 was carried out as described previously, using total RNA extracted from transformed lymphoblast cell lines . Primer sequences are available on LROs laboratory web pages (http:// www.utoronto.ca/osborne/). Real-time PCR experiments were normalized using hydroxymethylbilane synthase (HMBS), hypoxanthine-guanine phosphoribosyltransferase (HPRT), and TATA binding protein (TBP) as reference genes. Comparative expression ratios were calculated by dividing the averaged normalized values for each of the test genes by the normalized test gene values for the control group. All samples were run in triplicate and the experiment was repeated twice with consistent results. Comparative expression ratios for the WBSinv-1 and WBS deletion groups are expressed as a ratio of a normalized expression level of the test group (WBSinv-1 group, eight individuals from the general population who had one WBSinv-1 chromosome; WBS group, five individuals carrying the common 1.5 Mb deletion of 7q11.23) relative to the control group (eight individuals who tested negative for the WBSinv-1 chromosome). Pair-wise statistical comparison was performed using a two-tailed student ttest to look for differences in expression of each gene in the test groups relative to the control group. Probabilities of P < 0.05 were considered significant.
Copy Number Variation Analysis
Copy number variation (CNV) analysis was performed on Participant 1 and Participant 2 using SNP array analysis. Each DNA sample was genotyped with the Affymetrix GeneChip 1 Human Mapping NspI Array (Affymetrix, Inc., Santa Clara, CA) according to the manufacturer's instructions. The NspI Array scans were analyzed using dChip 2006 software (DNA Chip Analyzer) [Li and Wong, 2001 ] and copy number analysis performed essentially as described previously [Zhao et al., 2004 [Zhao et al., , 2005 . The CNVs identified in each DNA sample were then compared with previously documented CNVs using the Database of Genomic Variants, a curated catalogue of structural variations in the human genome [Iafrate et al., 2004] . The CNV detected on chromosome 22q11.2 was confirmed using quantitative real-time PCR with primers located within the SERPIND1 and YPEL1 genes. Real-time PCR was carried out using a 7900HT genetic analyzer (Applied Biosystems, Foster City, CA) with 11 ml reactions, performed in triplicate, containing 5 ng of template for 40 cycles of amplification using Power 1 SYBR master mix (Applied Biosystems). The DNA copy number of each gene was obtained from a calibration curve that assumes the reference genome is diploid. Genomic ratios were determined by comparing absolute copy number of the two test genes to the reference gene, HMBS. Primer sequences were as follows: SERPD1e2-
0 .
RESULTS
Participant 1 Clinical Assessment
Medical and family history. Participant 1 was a female, delivered at term and her medical problems are summarized in Table I . Developmentally, she walked between 16 and 18 months, said her first words at age 1 year, and said sentences at age 3 years. A five-generation family history did not show any symptoms common to people with WBS, except for the occurrence of inguinal hernias in a maternal uncle. Her half sister, mother, and both maternal grandparents were examined and had no dysmorphic features.
Physical examination. At examination, Participant 1 was 17 years of age. Her head circumference was at the 40th centile, and her cranial shape was dolichocephalic but her facial measurements were normal with the exception of the mouth width (Fig. 1) . She had bilateral epicanthal folds and downslanting palpebral fissures. Her neck was mildly webbed and there was a low posterior hairline, although her hair pattern was normal. She had sloping shoulders. There was a tight heel cord on the right and her right leg was smaller than the left. She had bilateral ectrodactyly of the feet and her hands measured at the 70th centile (Fig. 2) . A summary of her clinical presentation can be found in Table I .
Participant 1 did not meet the clinical criteria for WBS. She had some features that are not seen in WBS; specifically, down-slanted palpebral fissures, webbed neck, prominent jaw, down-turned corners of the mouth, and ectrodactyly. The features that she does have that can also be seen in WBS include 2 of 17 WBS facial features scored (WBS have >9): strabismus, and a wide mouth with bowed upper lip [Mervis and Morris, 2007] . She also had radioulnar synostosis, sloping shoulders, lordosis, and joint contractures (likely related to her ectrodactyly and leg length discrepancy).
Participant 2 Clinical Assessment
Medical and family history. Participant 2 was a female, delivered at term with initial respiratory distress. She had delayed motor development and was diagnosed with cerebral palsy (static encephalopathy). When she was evaluated for developmental delay at the age of 2 years, her head circumference was 43 cm, which was <2nd centile. At age 2.5 years, Participant 2 was noted to have increased tone in her lower extremities and a wide based gait. She had a past history of a seizure disorder, which resolved by the age of 12 years. She also had a history of chronic otitis media as a young child. She has had normal chromosome studies and a negative DNA test for Fragile X. At the age of 12 years, she was diagnosed with a growth hormone deficiency and had a positive result with growth hormone therapy. She has migraine headaches. A four-generation family history did not reveal any symptoms common to people with WBS. Participant 2's older sister had Graves disease. Both her parents and her sister were examined and none had dysmorphic features.
Physical examination. When Participant 2 was examined at age 22 years, her height and weight were at the 5th centile, and her head circumference was 51.5 cm, which is <3rd centile. She had a low anterior hairline, mild upslanting of the palpebral fissures and hypotelorism with inner canthal distance, inter pupillary distance and outer canthal distance all <3rd centile. A summary of her clinical presentation can be found in Table I .
Participant 2 did not have any physical features that are typically associated with WBS. She had only 1 of 17 scored facial features for WBS (strabismus) [Mervis and Morris, 2007] . In her case, the joint contractures were related to her static encephalopathy and microcephaly.
Participants 1 and 2 Developmental Assessment
A summary of standard scores on intellectual and adaptive behavior assessments for Participants 1 and 2 is presented in Table II . Participant 1's full-scale IQ was 0.43 SD below and Participant 2's full-scale IQ was 1.07 SD below the mean for a group of 28 adolescents and young adults with WBS (CBM unpublished data). Both participants' highest score on the four subtests was for Block Design, the subtest on which individuals with WBS typically have the most difficulty. Both maternal report, and the results of the DAS achievement screening tests indicate that Participant 1's math skills are more advanced than her reading skills. In contrast, most people with WBS perform considerably better on reading than on math. Participant 2's academic achievement was not tested; however, she showed an aptitude for remembering birth dates, including year of birth, and people's ages. On one occasion, she corrected her mother regarding the age of an adult cousin; her mother checked and later confirmed the accuracy of Participant 1s correction. In contrast, individuals with WBS typically do not know the ages of their siblings (never mind their other relatives), and almost never know the year in which these people were born.
Neither participant exhibited any attention problems. Both were able to stay on task for the more than 2 hr it took to complete the testing, refusing offers of breaks, although both were reported to have difficulty staying on task in group situations. In contrast, most individuals with WBS have difficulty staying on task even in one-on-one situations. Neither participant showed any of the characteristic behavioral features seen in individuals with WBS. Participant 1 sat quietly while CBM and CAM spoke with her family, spoke only when asked a direct question and did not ask any personal questions. Participant 2 regarded CBM and CAM as strangers, spoke only when appropriate, did not ask any personal questions and stayed on topic during conversations. Participant 1's Broad Independence standard on the SIB-R adaptive behavior test [Bruininks et al., Wechsler abbreviated scale of intelligence [Wechsler, 1999] . b Differential ability scales [Elliott, 1990] .
c Scales of independent behavior-revised [Bruininks et al., 1996] . 1996] was in the range expected for WBS or any other syndrome associated with mild-to-moderate intellectual disability. Participant 2's Broad Independence standard score was considerably lower than expected for individuals with WBS. Both participants' overall maladaptive behavior scores were within the normal range.
To fit the WSCP, a person must meet all four of the following criteria on the Differential Ability Scales (DAS) [Elliott 1990 ] (met by 89% of individuals with WBS) .
. T for Digit Recall, Naming/Definitions, or Similarities > 1st centile (T on at least one of these subtests ! 29) . Pattern Construction T < 20th centile . Pattern Construction T < Mean T of the core subtests . Pattern Construction T < Digit Recall T Participant 1 did not fit the WSCP because her DAS T scores did not fit criteria 3 and 4. Participant 2 did not fit the WSCP because her DAS T scores did not fit criteria 1 and 3. All of the members of both participants' families who were available for testing had full-scale IQs in the average range, and none of them fit the WSCP.
Genetic Assessment
Inversion testing. Seven members of Participant 1's family were available for testing using three-color interphase FISH. Her mother, half-sister, grandmother, and one great-aunt were positive for the WBSinv-1. The participant's aunt, grandfather and one great-aunt were negative for the WBSinv-1. Three of Participant 2's family members were available for testing using three-color interphase FISH. Her mother, father and sister were all negative for the WBSinv-1.
Expression analysis. Analysis of genes from within the common WBS deletion region showed no significant difference in expression between individuals without WBSinv-1 (n ¼ 8), or the general population WBSinv-1 group (n ¼ 8), with the exception of STX1A, which was significantly elevated in the WBSinv-1 group (P < 0.04). In contrast, a group of individuals with the common WBS deletion (n ¼ 5)
showed levels of expression reduced to less than 50% for each gene tested as previously reported Merla et al., 2006] . The results of the expression analysis are summarized in Table III .
Although STX1A expression was statistically elevated in the WBSinv-1 group, the increase was modest (1.188 times the level in individuals without WBSinv-1) and in the opposite direction to the change in expression seen in the group with WBS (0.244 times the level in individuals without WBSinv-1). Several genes outside the WBS region exhibited altered expression in the WBS group, as previously reported [Merla et al., 2006 ], but did not show a similar decrease in the WBSinv-1 group.
Copy number variation analysis. The results of CNV analysis for Participant 1 showed the presence of three previously identified CNVs on chromosomes 9p24, 9p21, and 22q11.1, and a 1.3 Mb gain at 22q11.22 spanning the region between 19,428,100 and 20,742,400 Mb according to the March 2006 human reference sequence (NCBI Build 36) (Table IV ). The 22q11.22 gain partially overlapped both known CNVs and microduplications of the region, but included a 248 kb gain spanning five (Table IV) .
DISCUSSION
Molecular diagnosis of WBS includes testing for hemizygosity at 7q11.23 by FISH using a mixture of probes encompassing the elastin and LIM kinase 1 genes (Vysis, Inc., Des Plains, IL). In more than 95% of cases, there is a defined 1.55 Mb deletion but for the remaining individuals with a clinical diagnosis of WBS, there is no detectable chromosomal rearrangement [Lowery et al., 1995; Mari et al., 1995; Nickerson et al., 1995] . These individuals could constitute phenocopies of WBS with genetic mutations at other loci, or they could also have disruption of key genes at 7q11.23 without an easily detectable deletion. We previously reported on three individuals with WBS-like symptoms according to medical records, but no detectable deletion of 7q11.23 [Osborne et al., 2001] . All three individuals were found to carry an inversion of the WBS region (WBSinv-1), a rearrangement also identified in the parents of some children with WBS.
The breakpoints of the common WBSinv-1 are predicted to lie within the B-block segments of the centromeric and telomeric LCRs that are in an inverted orientation with respect to each other, since these sequences are more than 99.6% nucleotide identical over large stretches and more than 95% of the WBS deletions occur between B-blocks in a direct orientation [Bayés et al., 2003] . The centromeric and telomeric B-blocks do not contain any genes commonly deleted in WBS and because the LCRs have undergone extensive genomic rearrangement during primate evolution [Antonell et al., 2005] , they are unlikely to contain key regulatory elements for such genes. Our analysis of the expression of genes from 7q11.23 confirms this prediction, since we found no evidence of significantly altered expression of any of the genes tested in a sample of individuals in the general population who have WBSinv-1 (Table III) . Even genes many Mb from the critical region that exhibit altered expression in individuals with the WBS deletion showed normal expression in the WBSinv-1 group, suggesting that the inversion has a negligible effect on the surrounding chromosomal region.
We identified one individual who was homozygous for the WBSinv-1 chromosome. Interestingly, this individual was the parent of a child with WBS, but the child's deletion originated in the other parent, who was heterozygous for WBSinv-1. Although we were not able to perform a clinical or developmental examination of this individual, he did not report any symptoms of WBS.
Participants 1 and 2, who were originally reported as exhibiting symptoms of WBS based on a review of medical records, did not fit any of the diagnostic criteria for WBS, suggesting that the presence of the WBSinv-1 chromosome and clinical symptoms in these individuals is coincidental. In an attempt to identify other chromosome anomalies that might account for their clinical symptoms, we undertook CNV analysis. We failed to identify any alterations in copy number in Participant 2 that had not been previously reported in the general population, leaving the etiology of her symptoms unknown. CNV analysis of DNA from Participant 1, however, revealed a previously undescribed gain spanning a 1.3 Mb segment within the region that is commonly duplicated in dup(22)(q11.2q11.2) syndrome Yobb et al., 2005] . Most of the chromosome 22q11.22 gain seen in this participant is overlapping with CNVs seen in numerous control samples [Locke et al., 2006; Simon-Sanchez et al., 2007; Wong et al., 2007] , but, because the gain includes genes not contained within common CNVs, and because it spans at least three distinct CNVs, this genomic variant may contribute to the phenotypic features seen in Participant 1 (Fig. 3) .
The phenotypic presentation of dup(22)(q11.2q11.2) syndrome is variable but there are features that frequently occur in conjunction with the common 3 Mb duplication (velopharyngeal insufficiency, cleft palate, hearing loss, cognitive deficits, motor delay, poor growth, characteristic dysmorphism) Portnoi et al., 2005; Yobb et al., 2005] . The pharyngeal malformations are thought to be linked to duplication of TBX1, since hemizygous deletion of Tbx1 in mice causes similar anomalies [Arnold et al., 2006] . Participant 1 does not exhibit the typical phenotype of individuals with dup(22)(q11.2q11.2), but is not duplicated for the region spanning TBX1. She does, however, have some overlapping features with dup(22)(q11.2q11.2), such as bilateral mixed hearing loss, cognitive deficits, mild motor delay, down-slanted palpebral fissures, strabismus and radioulnar synostosis, although this last malformation has also been reported in SHFM, which is a concurrent disorder in this participant [Debeer et al., 2004] . It is possible, therefore, that the dup(22)(q11.2q11.2) syndrome is a contiguous gene duplication disorder and that gene(s) contributing to the features seen in Participant 1 are contained within the 1.3 Mb duplicated segment, most likely in the segment that overlaps with the more common 3 Mb duplication (Fig. 3) .
The emergence of comparative genomic hybridization and SNP array analysis as tools for the global analysis of copy number across the genome, has revealed a startling number of variants present in the general population, many of which alter gene copy number and expression [Rodriguez-Revenga et al., 2007] . SNP arrays have recently been used to identify novel CNVs associated with syndromic disorders [Rodriguez-Revenga et al., 2007] and it will be important in the future to examine individuals' genomes for CNVs that may be contributing to their phenotypic presentation, rather than attributing symptoms to already identified variants.
The two participants discussed in this article were initially reported, based on their medical records, to have features of WBS [Osborne et al., 2001] . In their medical records, both participants were described as having WBS-like facial features, a WBSlike behavior profile and developmental delay. In contrast, our assessment by professionals who have had many years of experience with both individuals who have WBS and children with other developmental disabilities, did not identify any significant overlap between the presentation of these two participants and that of individuals with WBS. These findings underscore the importance of experienced clinical and psychological assessments in cases where a specific diagnosis is suspected, but the presentation is atypical. Obviously this is not always possible, but the development of syndrome-specific matrices for facial features [Hammond et al., 2005] , growth parameters [Martin et al., 2007] cognitive or behavioral profiles or for overall clinical presentation [Sugayama et al., 2007] should help with accurate diagnosis.
